The hematopoietic stem cell (HSC) niche in the bone marrow has been studied extensively over the past few decades, yet the bone marrow microenvironment that supports the growth of metastatic prostate cancer (PCa) has only been recently considered to be a specialized 'niche' as well. New evidence supports the fact that disseminated tumor cells (DTCs) of PCa actually target the HSC niche, displace the occupant HSCs and take up residence in the pre-existing niche space. This review describes some of the evidence and mechanisms by which DTCs act as molecular parasites of the HSC niche. Furthermore, the interactions between DTCs, HSCs and the niche may provide new targets for niche-directed therapy, as well as insight into the perplexing clinical manifestations of metastatic PCa disease.
INTRODUCTION TO CANCER METASTASIS AND THE NICHE
In the field of bone metastasis, Stephen Paget's famous observation that tumor 'seeds' seek out 'fertile soil' 1 represents a well-known paradigm for why certain cancers including breast and prostate cancer (PCa) localize to the bone marrow with a strikingly high propensity. The bone marrow microenvironment has been well established as a regulatory site for hematopoietic function. [2] [3] [4] [5] [6] In the marrow, hematopoietic stem cells (HSCs) are believed to localize to the specific microenvironment, or the niche, to engage in a quiescent state to preserve their self-renewal capacity, or divide and differentiate to populate their corresponding lineages. 3 Two such niches have been described: a vascular niche and an endosteal niche. The majority of HSCs as detected by immunohistochemical techniques appear to be in the vascular niche, which is compromised of endothelial cells in the sinusoids of the marrow. The sinusoids are venous areas of marrow that facilitate extravasation of HSCs into circulation. 5, 7 In the vascular niche, it is thought that HSCs are engaged in active surveillance of hematopoietic output, such that these HSCs are able to rapidly respond to hematopoietic demands. HSCs in the endosteal niche are thought to represent a more quiescent or reserve population, 3, 4, 8 although these data have been hotly debated.
2,5, 9 The principal regulatory cells of the HSC niche are thought to be osteoblasts, endothelial cells, adipocyctes, mesenchymal stem cells and CXCL12-abundant reticular cells. Osteoblasts appear to be major regulators of endosteal niche function, as they have been shown to express a milieu of cytokines, growth factors and adhesion molecules critical to HSC regulation. 3, 4, 8 Parallel to the concept of the HSC niche, growing evidence have suggested that disseminated tumor cells (DTCs) also localize and take up residence in the bone marrow niche.
2, 10 The niche provides signals for localization, adhesion molecules and mechanisms to regulate dormancy and survival. In the bone marrow, the proximity of the niche to the endosteal surface also provides access to active bone, which is a locale rich in growth factors and other soluble factors conducive to tumor survival and growth. In addition to these abundant growth factors, cytokines and nutrients, the tumor niche is composed of many different cell types. Mesenchymally derived cells including osteoblasts, fibroblasts and reticular cells are believed to provide the physical framework of the bone marrow tumor niche.
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Hematopoetically derived cells including HSCs, macrophages, lymphocytes and osteoclasts are also present in the marrow and interact with tumor cells, creating a dynamic ecosystem. Once a DTC has engaged the niche, it may initiate a state of dormancy or proliferate to populate a metastatic mass. 11 However, not all areas of the marrow possess the ability to support tumor growth, as metastases are rarely seen in the diaphyses, or areas of long bone, while they are commonly detected in the trabecular bone of epiphyses. 12, 13 Contrary to the idea of the bone marrow as a homogenous field of soil where DTC seeds would be able to survive and grow equally in all parts, metastases grow in highly complex and specialized microenvironments within the marrow that are well equipped for tumor survival. Clinically, metastatic tumor cells may be found as a detectable and overt mass of cells dominating a portion of the bone marrow space, rapidly dividing and consuming nutrients, while initiating angiogenesis to fuel their growth. In addition, clinically silent micro-metastases and DTCs have also been found in the marrow of PCa patients. 14, 15 These DTCs are genetically heterogeneous, while overt metastases show a high degree of genetic homogeneity among the cells in the tumor mass, indicating growth has proceeded through clonal expansion of a single DTC. 16 The genetic heterogeneity of DTCs suggests that the tumor cells circulating through the bloodstream are selected for survival in a Darwinian manner. 17 As such, a major determinant of this selection is dictated by the environmental pressures specified by the bone marrow. The bone and bone marrow itself is heterogeneous, as different areas of the bone marrow have different rates of turnover, cytokine levels and cellular populations. Metastatic cells have a high propensity for areas of the marrow with high bone turnover, such as trabecular bone, indicating that there is a preferred microenvironment for these cells, commonly referred to as the 'niche'.
TARGETING THE OSTEOBLASTIC NICHE
Osteoblasts have been studied in detail to understand their role in the HSC niche, but the role of osteoblasts as major regulators of the bone marrow tumor niche has only recently been appreciated. Osteoblasts in particular play a critical regulatory role and may specifically identify the spatial and functional location of both the quiescent HSC and PCa.
3, [18] [19] [20] [21] The parallels between the HSC niche and the PCa niche have become increasingly apparent, and it has recently been demonstrated that metastatic PCa cells actually use the same niche as HSCs. Recent study has provided evidence that DTCs target and displace HSCs out of their niche, and establish the niche space as metastatic microfoci. 22 Using an in vivo micrometasasis model, 23 DTCs were introduced into immunodeficient mice and allowed to take up residence in the bone marrow. After this establishment of micrometastases, the mice were given bone marrow transplantations to determine the ability of HSCs to engraft into their marrow niches. Significantly less HSC engraftment was seen in mice harboring tumor cells in their marrow, suggesting that the tumor cells were occupying the niches and preventing HSC localization and engraftment. 22 More importantly, a competitive engraftment was performed to determine if DTCs directly out-compete HSCs for niche space. In this experiment, existing niches were cleared by lethally irradiating mice. Equal amounts of HSCs were given to all mice via bone marrow transplantation to rescue the mice from the lethal irradiation, and in some groups, PCa cells were also implanted. The PCa cells were irradiated to rule out proliferation in the marrow as a variable for differences in engraftment. Mice receiving tumors cells showed markedly less engraftment and thus less survival, indicating that PCa cells did in fact out-compete HSCs for their niches. 22 These findings have lead to the concept of DTCs as 'parasites' of the HSC niche. 22 Osteoblasts express a milieu of secretory factors and adhesion molecules that have shown to be important for PCa metastasis to the bone marrow. 21 In vitro and in vivo studies confirm that they furthermore regulate essential niche activity. In vivo expansion of the population of osteoblasts using parathyroid hormone resulted in a higher capacity for metastatic implantation. 22 Conditional ablation osteoblasts in subcutaneous bone implants resulted in significantly less tumor metastasis to the bone implants in comparsion to bone implants where osteoblasts remained viable. 22 Thus, osteoblasts were demonstrated to be imperative for supporting metastatic tumors. 22 HOMING AND LOCALIZATION TO THE NICHE THROUGH THE STROMAL CELL DERIVED FACTOR-1 (SDF-1)/CXCR4 AXIS Relative to other cells in the microenvironment, osteoblasts secrete particularly high levels of the cytokine SDF-1, also known as CXCL12. SDF-1 is a chemokine ligand that binds to receptors CXCR4 and CXCR7. It serves as a strong chemoattractant for cells expressing either of its receptors. The SDF-1/CXCR4 axis strongly regulates PCa invasion and localization to the bone marrow. [24] [25] [26] PCa cells have been shown to express both CXCR4 and CXCR7, and upregulation of these receptors correlates with a poor prognosis. 26, 27 This localization is furthermore enhanced by signaling through CXCR4. Engagement of CXCR4 receptors on PCa cells induces expression of the adhesion molecules a V b 3 -integrin 28 and CD164. 29 Both of these molecules support tight binding of the tumor cell to the osteoblast. Importantly, blockade of CXCR4 receptors on PCa renders less metastatic load in the bones of mice, 25 while endogenous enhancement of SDF-1 secretion results in greater tumor burden in the bone. 30 In parallel, HSCs must 'home' to the osteoblast in order to engage the endosteal niche. Homing activity is an essential stem cell behavior, and is especially important for engraftment of stem cell transplants. [31] [32] [33] The SDF-1/ CXCR4 axis is the key regulator of homing activity. HSCs express CXCR4 on their surface, and use the gradient of SDF-1 generated by osteoblasts to localize to their surface. Depletion of SDF-1 and blockade of CXCR4 have both been shown to severely reduce HSC homing and thus engraftment. 34, 35 It was noted that PCa DTCs use the SDF-1/ CXCR4 pathway as mechanism to parasitize the HSC niche. 22 This was demonstrated by disrupting SDF-1/CXCR4 activity in two ways: by degrading SDF-1 in vivo using recombinant granulocyte colonystimulating factor (G-CSF), and also by use of AMD3100, a small molecule antagonist of the CXCR4 receptor. Both methods revealed that PCa cells could be mobilized out of the HSC niche and into the blood using these HSC-mobilizing agents. 22 Thus, DTCs hijack this same molecular pathways used by HSCs to gain access to the niche. The SDF-1/CXCR4 pathway is just one example of a well-studied axis that is shared by HSCs. It is likely that DTCs also utilize other shared localization pathways that are less well understood.
INDUCTION OF QUIESCENCE AND DORMANCY BY THE NICHE
Both HSCs and DTCs can engage in a state of reversible cell cycle arrest once they have localized to the niche. This concept has been referred to as 'quiescence' in the field of stem cells, 8 and 'dormancy' in the context of metastatic tumor cells. 36 Although quiescence and dormancy should not be considered equivalent processes, they do share some similarities, especially in regard to mechanisms of induction. 37 The ability to engage in quiescence is a hallmark of stem cell function. Quiescence allows HSCs to evade the damage of cellular toxins and stresses, and thus maintain a reserve population of viable stem cells. 38 Importantly, these cells can be induced out of cell cycle arrest, so they can go on to differentiate into more mature progenitors that will populate the entire hematopoietic system.
3 Dormancy is the process that is believed to allow tumor cells to become resistant to traditional chemotherapies, as most of these agents work by targeting rapidly dividing cells. By engaging in reversible cell cycle arrest, dormant tumor cells are not susceptible to chemotherapeutic drugs, and may go on to survive and begin dividing and proliferating. The ability to switch between cell cycle arrest and activity is believed to allow tumor cells to generate and/or repopulate a tumor mass or metastasis. 11, 36 One molecule that is believed to be implicated in the induction of reversible cell cycle arrest of HSCs and DTCs in the marrow is annexin II (Anxa2). Anxa2 is expressed on the cell surface of osteoblasts. In conjunction with its corresponding receptor, Anxa2R, Anxa2 is used in a similar manner to the SDF-1/CXCR4 to regulate homing. Anxa2R is expressed on both HSCs and PCa cells alike. 39, 40 In HSCs, shortterm lodging, engraftment and survival of declines when the Anxa2/ Anxa2R axis is disrupted. 39 In PCa, Anxa2R has been shown to be upregulated in on metastatic cells, and the degree of expression correlates with a poor outcome. 40, 41 Furthermore, blockade of the Anxa2/ Anxa2R axis results in significantly reduced PCa tumor burden in 40 In addition to localization, both HSCs and PCa adhere to the niche through the Anxa2/Anxa2R axis. It was demonstrated that both HSCs and PCa cells bind significantly better to osteoblasts expressing Anxa2 than those isolated from Anxa2 2/2 animals. 22 Once a cell is anchored into its niche through adhesion, both HSCs and metastatic PCa cells may use the Anxa2/Anxa2R axis to initiate a state of cell cycle arrest. It has been proposed that this occurs in part through signaling by the growth arrest specific-6 (GAS6)/Axl axis. Recent work by our group has also shown that Anxa2 binding induces the expression of Axl, the receptor to GAS6. 42 GAS6 is expressed by osteoblasts, and its receptors include the tyrosine kinases Axl, Sky and Mer. 42, 43 Axl is expressed on both HSCs 43, 44 and PCa 42 alike. Engagement of GAS6 to Axl on PCa induces growth arrest and confers drug resistance, 42 and may thus result in chemotherapy-resistant dormant tumor cells. In addition to Anxa2 and GAS6, other molecules have also been implicated in HSC quiescence and tumor dormancy, yet the evidence for shared pathways between HSCs and PCa specifically remains largely unexplored. Further research will undoubtedly provide more knowledge on this topic and exciting new insight.
IMPLICATIONS
The understanding that DTCs target the HSC niche and acts as parasites provides important new directions for further research and targets for drug therapy. In addition, the new paradigm of PCa invading the HSC niche may provide more insight to lesser understood phenomena that are clinically seen in metastatic PCa.
Minimal residual disease
One of the most dreaded complications of PCa is metastatic relapse. Clinical observations show that many patients have viable DTCs present in their bone marrow, even after removal of the primary prostate tumor and chemotherapeutic treatment. 45, 46 This phenomenon is known as minimal residual disease (MRD). These viable DTCs are thought to persist in a state of tumor dormancy. 11 They evade attack from the immune system and the toxicity of chemotherapy through their engagement in reversible growth arrest. It remains unclear what factors specifically induce these dormant cells out of growth arrest and into a proliferative state, and thus allow the cancer to recur. In order to fully eradicate the presence of cancer in a patient's body, it is critical that we learn how to fully eradicate MRD in addition to overt tumors and metastatic lesions. MRD and tumor dormancy is an ongoing topic of research, as the mechanisms by which tumors evade chemotherapy and silently persist in the marrow appear complex and multifaceted. Considering that tumor cells hijack the HSC niche and utilize similar molecular pathways, it is possible that the same mechanisms that regulate HSC quiescence may have a role in regulating tumor dormancy and allowing MRD to persist. As more understanding is developed regarding HSC quiescence, this new knowledge will also be valuable in providing potentials strategies toward combating MRD.
Osteoblastic activity
An interesting aspect of PCa is that it is the only metastatic cancer known to form predominantly osteoblastic lesions in bone. 47, 48 Other cancers that metastasize to the bone marrow often show an osteolytic phenotype. This is due to activation of the osteoclasts in the marrow, which degrade the bone and cause painful fractures. When osteoclasts degrade bone, they release the sequestered nutrients and growth factors that are otherwise tied up in the bone and unavailable to tumor cells. While osteolytic PCa is not uncommon, PCa is unique in its high prevalence of creating osteoblastic lesions. Through numerous mechanisms, including inhibition of osteoblast apoptosis and expression of the molecules bone morphogenic proteins, parathyroid hormone, parathyroid hormone related protein, which increase osteoblast populations and osteoblastic activity, PCa has a characteristic ability induce rapid bone formation. 21 This PCa-induced bone is often disorganized, and variable in density, 49 inevitably leading to fractures and bone pain. 49, 50 From a biological standpoint, the rationale for why bone formation may be advantageous for metastatic progression has been unclear. In light of the fact that DTCs use osteoblasts as niche cells, this induction of bone by PCa may be a way to further support niche availability and activity. It has been well established that cancers can induce neoangiogenesis to further support their growth, 51, 52 so it may accordingly follow that PCa can induce new bone growth to support an expanding tumor mass in a similar fashion. One direct mechanism through which PCa induces bone growth is through phosphoglycerate kinase 1. Phosphoglycerate kinase 1 is expressed by metasatic PCa, and induces bone marrow stromal cells to differentiate into osteoblasts upon contact. 53 In addition to direct stimulation of osteoblastic differentiation, PCa has also been shown to alter the phenotype of other cells present in the niche's vicinity. It has been demonstrated that HSCs actively participate in osteoblastic differentiation of marrow mesenchymal stem cells by expressing bone morphogenic proteins when they encountered hematologic stress. 54 Similarly, PCa cells were recently shown to induce HSCs to express bone morphogenic proteins, which then could stimulate bone marrow stromal cells to differentiate into osteoblasts. 55 This study shows that in the presence of PCa, HSCs are induced to become unwitting mediators in the stimulation of osteoblastic activity, and perhaps further contributing to the malicious augmentation of niche availability. Better understanding of niche expansion and its nuances may provide therapeutic targets to combat metastasis growth and skeletal compromise.
Hematologic complications
Another complication of PCa is anemia, leukopenia and bone marrow failure associated with metastatic disease. 56 As an example, PCa bone metastases can cause myelophthisis, or filling of the marrow space. Myelophthisis is associated with leukoerythroblastic anemia, which is characterized by partially differentiated hematopoietic cells in the peripheral blood. 57, 58 In addition, dysregulation of hematopoietic differentiation is also observed. In leukoerythroblastic anemia, large numbers of immature leukocytes are present, and erythrocytes retain their nuclei, indicating a defect in differentiation. This results in nonfunctional erythrocytes and causes anemia. Despite the fact that phenomenon is a recognized clinical complication of PCa, it has not been studied in detail and its pathogenesis concerning PCa is not completely understood. In light of the fact that PCa cells occupy HSC niches, leukoerythroblastic anemia may be a manifestation of HSCs that are displaced out of their niches and forced into differentiation. This idea is supported by a recent study in which, more hematopoietic progenitor cells were found in peripheral blood of PCa patients with bone metastasis than either PCa patients with no evidence of bone metastasis or healthy agematched controls. 22 This is further supported by the observation that more hematopoietic progenitor cells and less HSCs were recovered from the blood and the marrow of tumor-bearing animals, respectively. 22 An increased ratio of blood hematopoietic progenitor cells to marrow HSCs indicates that HSCs have lost their self-renewal capacity and are being forced to undergo differentiation and become lineage-specific progenitors. These observations suggest that the HSCs had been displaced from their niches, and
The prostate cancer bone marrow niche EA Pedersen et al 425 lost their ability to maintain quiescence and self-renewal. Clinically, this may translate to a lack of signaling from the niche, which may result in the deregulated differentiation and nonfunctional hematopoietic cells that are observed.
The niche as a novel target for therapy Finally, inhibition of the SDF-1/CXCR4 axis may provide a new approach to therapy. Filgrastim, commonly known as the drug Neupogen, is a G-CSF analog used to mobilize HSCs out of niches to increase the number of HSCs in peripheral blood in order to be collected for stem cell transplants. The small molecule AMD3100, known as plerixafor, is also used clinically and often in conjunction with G-CSF to mobilize stem cells. [59] [60] [61] [62] G-CSF mobilizes HSCs from their niches by decreasing levels of SDF-1 in the marrow.
63 AMD3100 is a selective CXCR4 antagonist, and prevents cells from interacting with SDF-1. 64 It has recently been shown that AMD3100 and G-CSF also severe the connections between PCa and the niche, and similarly mobilize the tumor cells out in to the peripheral blood. 22 In the peripheral blood, the tumor cells are no longer protected by the niche, and may be forced to exit a dormant state that renders them impervious to chemotherapy. Similar to how HSCs are induced to differentiate once displaced from the niche, PCa cells may re-enter the cell cycle and cease from growth arrest. Cycling cells are the main target of chemotherapy, so mobilization from the niche may increase the sensitivity of metastatic PCa cells to these drugs. Currently, this idea for therapy has yet to be considered clinically and requires more research, especially considering mobilizing dormant PCa cells may risk inducing metastatic proliferation. Nonetheless, this concept has already been reported to be effective in a mouse model of hematologic cancer. 65 This recent study used AMD3100 to mobilize acute myeloid leukemia out of the marrow has shown to increase the chemosensitivity of the cells. Another study shows a similar effect in multiple myeloma. 66 These reports show that other malignant cells may also hijack the HSC niche using the SDF-1/CXCR4 axis, and indicate that tumorniche interactions may be important targets for improving current chemotherapy regimens. As an alternative to enhancing the action of current chemotherapy, another potential area of exploration may be to target the SDF-1/CXCR4 pathway through enhancing the activity CD26, which degrades SDF-1 in vivo. 30 Other potential niche targets may include Anxa2, as this may interfere with PCa niche targeting and binding. Targeting Anxa2 may also enhance the effect of targeting the SDF-1/CXCR4 axis, as Anxa2 has recently been found to have a new role in which it anchors SDF-1 to facilitate the presentation of SDF-1 to HSCs during localization. 67 In addition, there are numerous other adhesion molecules, growth factors, and chemoattractants that have similarly been indicated in the niche function, many of which may be considered as potential targets for therapy. 17, 68 Targeting niche molecules is currently an active area of research.
CONCLUSIONS
The striking similarities between the PCa niche and the HSC niche have been well established in the literature, but only recently have the niches been shown to be one in the same (Figure 1) . It is now understood that all areas of the bone are not alike, and thus marrow is not a homogeneous soil able to support random DTC growth. Instead, the DTCs seek out established osteoblastic microenvironments that have already been selected by HSCs as conducive to survival, and take over these niches for their own activities. More research and characterization of the defining and most important niche components will without a doubt lead to a better understanding of the complex cellular interactions that occur in bone metastases. In order to develop therapies targeted at tumor-niche interactions, it is imperative that effective in vitro and in vivo models are developed and refined. As niche biology unfolds, it will undoubtedly provide us with new ideas and innovative strategies for better understanding and treating metastasis, tumor dormancy, and PCa complications. 
